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TRANSITION PROCPSSES pTRING COMPRESSION OF CyLINDRICAL SHELLS IW aA 


STRONG MAGNETIC FIELD 


Fnqinecr Ve. T. mikhkel*soo and Fnainoer A, PB, NeVgorodtsev 


Leningrad Order of Lenin Polytechnical Institute imeni *. I. ¥alinina 


The compression of thin-walled metallic cylinders in a strong 
DulSed magnetic field is of interest in respect to the stndv of the 
behavior of metals Under conditions of rapid deformations, ohserve! 
during the magnetic-pulsed working of metals [11, with the obtariringd 
of a Strong magnatic field by means of Flux compression "217. There is 
independent significance in the questicn of the conversion of *ho 
energy of a maqnetic field into the kinetic enerqy of an accelerated 


cylinder £3, 41. 
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at the TYN "exPanSion not Verified] department of the TPT imoni 
Me Ie Kalinina an experimental investiaation was made of the 
deformation of metallic cylinders in a strong magnetic fields created | 
a"ring the discharge of a capacitor hark with a capacitance C=12.8 pF 
with a stored ensrqy Wo=92 kJ (with a charqde voltaqd? %9=129 kv) 
through a matchiny transformer on a sianlo-turn solenoid (Pigure 1), 


In the tes+s the change in the radius cf cylinders which were 


arranged cOaxally inSide of a solenoid Was recorded, and oscilloarans 
were mado of the maqnetic induction inside and ontside of +hs 


cYlinder. 


Calcnlations of the movement of a deformed cylinder withont 


taking into account such factors as the penetration of the fiold 
inside of the cylinder, its heating un hy vertex currents, and 
redistribution of current over the surface of the solenoid during 
deformation give results which differ signficantly from oxnecrimortal 


data £3). The purpose of the present work is a more strira=rt 


description of the process of Compression, taking into account tho 
listed features of the deformation of a cylinder in the field of a 


single-turn solenoid. 


In the derivation of equations the magnetic fiel4 in the working 
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gap between +he solenoid and cylinder B,- is considered uniform. This 
is valid in the beginning of the process of acceleration of the 
cylinder, while the working gar is small. With deep compression the 
field differs from uniform, but on this stage the influence of tho 
extelnal field on the moYement of the cylinier is not yraat. Tho 
field inside of the shell is also accepted as uniform, this field has 
a noticeable influence on movement only on the final sector of 
cOmplesSion, “hen the supposition of its uniformity is fulfilled, 
Under these conditions the equation of purely inertial movement nF 


the cylinder We Write in the form 

(1) m TR = (Br — Bi) 2aRI, 

where ® - current radius of the deformed part of the cylinder; 
Yo - its axial length; 
m - its mass. 


The assumptions made also lead to the following formulas for th» 


inductance of th2 Working qap: 


(7) L, = "(Re - R?), 
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where R. - radius of the solenoid, and the inductance of the deformed 


part of the cylinder 


@) fe 


Since the process of compression lasts all told only Several 
tenNS Of micloseconds, then it is possifle te disredard the heat 
exchange betWeen the cylinder and tho surrounding medium and to write 


for its heat content qs the equation 
2 
d ’ _ 293) (_R_ 
(4) a a(t P = (a) 


in which ¢he chanje in the active resistance of the cylinder r, is 
taken into account in the case of compression due to heating and a 


change in the thickness of the wall during defcrmation,. 


In eqnation (4) i, - Vortex clrrent ir the cVlinter; r3q And %@ 
- initial values of active resistance and +he radius of the cvlinder; 
a - temperature coefficient of resistance; c - heat capacity of *ho 


cylinder. 


A Special feature of the single-turn sclencid is the fact thar 


Dart Of itS currant flows over the ena surfaces and Ines not take 
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part in the creation of the working field, which iS determined by theo 
current which is flowing over the cylindrical Sulface of the 
solenoid. In the process of deformation the relationship hetweon the 
indicated parts of the overall Current of the solenoj4 iS changed. 
ThiS circUmstance is taken into accour+ by the approximation formula 
of equivalent inductance of the solenoid-cylinder system £5) 

6) a ee 

where h=R,.—R- - the gap between the sclenoid and the cylinder. In 
the delivation of (5) it is considered that ACR, and the systom 


Operates under conditions of a Sharp surface effect, 


PormUla (5) can be presented in the form 


Labs 
L,+L,’ 


L= 


where 


i= Ho2AR, 


- inductance of the gande 


‘. 
Hon? RG Ry 
(6) L, Sc i 
= te. ee E 
re Si a 


inductance of +h? ends of the solenoid. 
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In the calculations the gap inductance was calculated hy formn)3 


(2), and the inductance of the ends - hy formula (4). 


an inyeStiqation of the solenoid-cYlinder field on a model 
showed that the ratio of working current of the solenoid to th= *+o0+41 


current calculated with the help of formulas (2) and (A), in 


igh’ 
the case of the substitution of values = 1.05 and Rc .=0.5, 

0 
coOrresponjing to tha real geometric dimensicns of the solenoid, 
differed somewhat from experimental data. This differance is 


explained hy the approximate? nature of the formulas themselves and hy 


the very complex distribution of the field in the solennid-cylinder 


2 


system. For approximation of the experimental dependence ot Sie in 
* € ah sys ¢ ¢ Ry R P ‘ 
the entire range of change Of radius the factor = = introduced 
c 


into the formula, 


The layout for substitution of the installation is shown ir 
Figure 2, The inductance Of Scattering cf the primary circuit Iy, the 
inductance of majynetization of the trarsformor L,, ¢+he resistances o* 
the primary circuit ©, and the solenoid ry, are considered constant, 
and their values are determined according to the oscilloqrams of 


discharge current of the bank or the solenoil. 


pac = 1874 


phe testeq cylinderS had an initial diameter of 95 mm and 4 


length OF 200 mm. Their other characteristics are given in Table 1, 


The system of oquatiors (1)-(4) Was integrated on a comontcr 
together with th equations for the electrical circuit in Fiqure 2. 
The Fesults of the calculation for a sample of type 1 with %y=120 ky 
are compared with experimental data in Fignre 3. The satisfactory 
agreemert of curves B, and the radius of the cvlindet F/R, confirms 
*he correctness of the selection of the parameters of the arrangement 
and the assUmptions made nnder the given corditions. In the case of 
low initial voltages for heavy samol?s the experizental curves pyr, 
lag behind tho calculated, which is explained by the influence of +ho 
forces of resistance to deformation under these conilitions. The 
curves of the internal field 8 differ strongly only ir *he case oF 
Jeeod compression, when the accented descrintion of the chande in +hea 
DaTameters of the shell hecomes insufficient. In +he final stade the 


field 8: increases rapidly and *he cylinder is slowed down. 


Based on the maximum value of velccity the officiency oF 
acceleration 1- --“* Was determined. The calculated Jenendences of 
GC 0 


on the dimensionless parameter 5 = 


over f 


r for different samples are 


constructed in Figure 4. In the area 859.7 the calculated values 
aqree satisfactorily with experimental, with smaller 8&8 ar ircrease 


yields an excessive result. 
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In Tahle 2? the calculated values are given for the relatiy> 
maanit'tdes of kinetic energy W,, electromagnetic energy We, thermal 
losses in resistances of the installation a,+q, and losses in the 
sample qz by the moment of achievement of the maximum velocity for a 


sample of type 1, 


with a lessening of § there is an increase in the duration of 


compression and the share of thermal losses increases both in the 
cylinder ard in the remaining resistors of the circuit. With 2¢9.72 
more thar half of all *he enerqy converts into heat. In this case +h 
Share of heat losses in the sample is net Great - for aluminum i+ 
dces not exceed 10 , for copper - 5 . Therefore *he losses in ‘he 
cyliNder cannot have a significant influence on the conversion of 


enerqyv during compression. 


With an increase of & the share? of thermal] losses Irans ari +} 
kinetic *, and electromagnetic eneray arte increased. At hich 
values of 8 the latter reaches almos* half of the initial store} 
enerqY #.5 Durinyi compression on this rarticular installation the 
inductance of +h> Loop only douhles, and oven in tho absence of 


losses and an Optimal value of 8 1 the efficiercy dors not oxceed 9.5 


[3 i.o., the greater part of the energy is Presefveq in tha form of 
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electromagnetic. For @n increase of efficiency it iS necessary to 


lower the initial inductance of the installaticn being considerer,. 


For an Cvalnation of the influence of the individual factors or 


the efficiency of acceleratior the processes in the Inop wore 
calcUtlated Without consideration of anv other factors. Tor a samnl< 
ef type 1 the following modes were Considered: a) a=93 bh) T5=%3 c) 
£379; 4) ry=0, --=e; 9) ry=O5 --=0; f) Lyk. Xs, ryerpergeO. Tr 
modes a and bh the efficiency differs insignificantly from the 
previously obtained values, i-ee., the losses in the solrnoid an? 
change in *+he resistance of the sholl dune to its heating un have 


| 
f 
I 
| little influence on the efficiency of acceleration. 
| 


Tre calculated dependences of + (8) for modes c-f are Jenicte? in 
Figure & hy tho broken lines. I+ is evident that hoth the penctration 
of the field and the presence of a pulsed transformer had an ona) 
influence on the 2f ficiency, althongh *hese two factors are moro 
Siqnifican+ than the previous anos. A wore noticeahls influence is 
exerted by +he flow of part of *+he solenoid current over its on4 
surfaces, nonconsideration of this factor teads +o almos* a double 
overstating of efficiency (curve e). Therefore for an increas of 
effectiveness of acceleration the desian of the solenoid bas +o be 
changed in such a way aS to reduce the share of current which is 


flowing oVer the end surfaces. 


“a = testa aoe —— ~ ae ~~ en ~we cen 
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Calculation in an idealized layout with disroqgard of losses and 
inductances L, and Ls (curve f) gives results which differ ctill mor> 


from actual. 


CONCLUSIONS 


1. A calculated arranogemert+ bas heen Worked out for compressio! 
of thin-walled metallic shells in the fiel@ of a Sinq)lo-tuUrn 
solenoid, taking into account penetration of the field into the 
shell, its heating up by vortex currents, relistribution of curront 
over the surface of the solenoid, and *he nresence of a matching 


transformer in the discharge loon. 


2. The accepted inertial mode] of deformation is avplicahlo with 
A>O.2. At Smaller Values the irfluence of the ferces of resistance *9 


deformation ale Siqnificant. 


3. The most important factors Which detormine the officiency of 
acceleration in the arrangement which is considered are the active 


resistaNce and inductance of the primarY circuit, and also tho fact 


that part of the current* of the solenoid flews on the ends of *he 
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SOQlerojid ard do not narticipate in the creation of the working field. 
Submitted by the TOF [axpanSior not verified) department? 

117 Nov 1969] 


BIBLT CGRAPHY 


1. Birdsall D. H., Ford F. C., Furth H. P., Riley R. E. Magnetic 
forming. «American machinist», Ne 6, 1961. 

2. Cnare E. C. Magnetic flux compression by magnetically imploded metallic 
foils. «Journal of applied physics», Ne 10, 1966. 

3. Anuxanos C.P., ByaKxep Ff. H., Kuuurun TF. H., Komun A. B, 
Cxaonnpanve Metaniveceo# ofonotnH nog acicrone MaikHTHOro noag, eflpuKaaauas 
MEXGHURG ff TONE ‘K wxa>, }O66, Ne 4. 

4. Linhart J. G. A simplified analysis of the dynamics of plasma guns. «Nuclear 
fusions, Nel, 1961. 

5. Wueepcon VF. A. Mariitnoe noae CANopHTKOBOTO ConeHONAA, pacnoaomennore 


COOCHO C MiJinHapom ia B6ansH naockocTH. «3a. AH CCCP:, Siepretuxa un tpauc- 
hopta, 1969, Ne 2. 


poc = 1a74 PAGE @@ '% 


Figure 1. Solenoii with a deformahl> sample. 


Kev: (1) Solenoid; (2) Tnsulations (3%) Sample. 


Table 1. Characteristics of test samnles. 


K°y: (1) TyPe; (2) MateTial’ (3) Thickness of wall, 


Jo, mm: (4) Mass, 


m’, kg/m; (5) Active resistance, P39, mohms; (Ff) Aluminum; (7) 


Corper.e 


Figure 2. Arrangemen* for substitution of discharqe 


loon. 


| Figure 3. Compression of sample of type 1 with 7120 kv. charge in 


| radius of shells A, A - experiment, 1 - calculated. 


Curves of 


magnetic induction: 2 - induction outside of the sSholl: 3 - induction 


inside of shell; a - «xperiment, b - calcnlated. 


Key: (1) ms. 
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Table 2. Distribution of energy during compression of a cv liner. 


Key: (1) Kvs (2) kiMetic; (3) electromagnetic. 


Figure 4. Experimental and calculated values of efficiency of 


acceleration of a shell. Desiqnaticn of exnerimental noints: ¥ - 


sample of type 1, O - sample of tvp? 2, @ - sample of tyre 3, A ~ 


Sample of *Y¥ne 4. Calculated dependences are depicted by curves. 


Kovs (1) tyne 13 (2) *+ype 2. 


end-19374 
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Ae MOM 
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3 Meab 0,4 0,960 0,168 
4 Meap 0,6 1,440 0,084 
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Uy. xo) 8B ¥ 7 fy e. 
40 | 0,055 | 0,083 | 0,118 0,73 0,069 
60 | 0,124 | 0,108 | 0,047 0,59 0,055 
80 | 0,220 | 0,127 | 0,306 0,53 0,047 

100 | 0,344 | 0,133 | 0,428 0,40 0,039 
120 | 0,495 | 0,155 | 0,461 0,35 0,034 
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